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S e v e r a l  i n v e s t i g a t o r s  have dea l t  w i t h  t h e  
u l t r a s t r u c t u r a l  s e q u e l a e  i n  l i v e r  f o l l o w i n g  whole-body 
gamma and x - i r r a d i a t i o n . 1 s 2 9 3 9 4  A s t u d y  o f  t h e  e f f e c t s  o f  
p a r t i c u l a t e  r a d i a t i o n  on l i v e r  was r e p o r t e d  from t h i s  
l a b ~ r a t o r y ; ~  t h e  primates were exposed t o  32 Mev p r o t o n s  
w i t h  whole-body exposure  t e c h n i q u e  b u t  t h e  l i m i t e d  
p e n e t r a t i o n  o f  32 Mev p r o t o n s  r e s u l t e d  i n  a p a r t i a l - b o d y  
dose  d i s t r i b u t i o n .  T h i s  communication r e p o r t s  t h e  sequen-  
t i a l  morphologic  e v e n t s  i n  l i v e r  f o l l o w i n g  whole-body 
exposure  o f  p r i m a t e s  t o  high-energy p r o t o n s  which p e n e t r a t e d  
t h e  whole an ima l .  
METHODS 
Seven p r i m a t e s  (Macaca m u l a t t a )  were i r r a d i a t e d  
w i t h  2 .3  Bcv p r o t o n s  from t h e  Cosmotron a t  t h e  Brookhaven 
N a t i o n a l  L a b o r a t o r y .  Two sham i r r a d i a t e s  s e r v e d  as c o n t r o l s .  
The t o t a l - b o d y  d o s e s  o f  3 ,000  rads were estimated from 
measurements made a t  t h e  s u r f a c e s  o f  t h e  a n i m a l s .  The 
a n i m a l s  weighed approximate ly  5 Kg e a c h .  Deta i l s  o f  dose  
c a l c u l a t i o n  and e s t i m a t i o n  and o f  an imal  exposure  have been 
p r e v i o u s l y  r e p o r t e d .  Both e x p e r i m e n t a l  and t h e  sham 
- i r r ad ia t ed  c o n t r o l  an ima l s  were k e p t  i n  t h e  exposure  c y l i n d e r  
f o r  t h e  same l e n g t h  o f  t ime.  All an ima l s  were r e s t r i c t e d  t o  a 
d i e t  o f  water f o r  24  hour s  p r i o r  t o  i r r a d i a t i o n  and f e d  
s t a n d a r d  monkey chow, f r u i t ,  and water - ad l i b i t u m  f o l l o w i n g  
exposure .  
The an ima l s  were k i l l e d  a t  15 m i n u t e s ,  6 ,  1 2 ,  1 8 ,  
24, 36, and 48  h o u r s  a f t e r  comple t ion  o f  i r r a d i a t i o n .  T i s s u e  
f o r  p a r a f f i n  embedding was f i x e d  i n  n e u t r a l - b u f f e r e d  1 0 %  
f o r m a l i n ;  t i s s u e  f o r  e l e c t r o n  microscopy was c u t  i n t o  1 mm 
cubes  and f i x e d  e i t h e r  i n  c a c o d y l a t e - b u f f e r e d  (pH 7 . 4 )  osm4 Lli l  um 
t e t r o x i d e  a l o n e  f o r  2 h o u r s  a t  4OC o r  i n  5% c a c o d y l a t e - b u f f e r e d  
(pH 7 .4 )  g l u t a r a l d e h y d e  fo l lowed by  a 2-hour p o s t - f i x a t i o n  i n  
b u f f e r e d  osmium t e t r o x i d e  a l s o  a t  4°C.7 The t i s s u e  b l o c k s  were 
r a p i d l y  dehydra ted  i n  graded e t h a n o l s  and t h e n  i n f i l t r a t e d  w i t h  
and  embedded i n  a m i x t u r e  o f  Epon and Ara ld i t e .  The embedments 8 
were polymer ized  o v e r n i g h t  at 80OC.  One-micron p l a s t i c  s e c t i o n s  
p r e p a r e d  f o r  l i g h t  microscopy were s t a i n e d  w i t h  a mod i f i ed  
Methylene blue-Azure I1 procedureg  which was c o u n t e r s t a i n e d  
w i t h  b a s i c  f u c h s i n .  S i l v e r  and g ray  u l t r a t h i n  s e c t i o n s  p r e -  
p a r e d  f o r  e l e c t r o n  microscopy from t h e  same b l o c k s  were 
s t a i n e d  f i rs t  w i t h  0 . 5 1  u r a n y l  a c e t a t e l '  f o r  15 t o  30 seconds  
and t h e n  w i t h  0 . 1 %  lead c i t r a t e ' '  f o r  30 t o  60 s e c o n d s .  
mater ia l  was s t u d i e d  and photographed w i t h  RCA (model EMU-3H) 
and Siemens (model I A )  e l e c t r o n  microscopes  a t  1 0 0  and 80 Kv 
r e s p e c t i v e l y .  
The 
RESULTS 
15 minu tes :  
The evera l l  h i s t o l z g i c  appear2nce was unremarkable  
( F i g .  1). Dark c e l l s  were noted  as i n f r e q u e n t l y  as i n  o u r  
were p r e s e n t  i n  some h e p a t o c y t e s .  
C y t o l o g i c a l l y ,  t h e  h e p a t o c y t i c  u l t r a s t r u c t u r e  v a r i e d  
l i t t l e  from t h a t  of our  c o n t r o l  t i s s u e .  C lub- l ike  s w e l l i n g s  
of m i c r o v i l l i  a long  t h e  c a n a l i c u l i  which we have n o t  encoun- 
t e r e d  i n  c o n t r o l  Rhesus l i v e r s  were o c c a s i o n a l l y  s e e n  ( F i g .  2 ) .  
Small c y t o p l a s m i c  c l e f t s  similar t o  t h o s e  p r e v i o u s l y  r e p o r t e d  i n  
i r r a d i a t e d  l i v e r 5  were p r e s e n t  ( F i g .  3 ) .  
6 h o u r s  : 
The accumula t ion  of l a r g e  amounts o f  c y t o p l a s m i c  
l i p i d  th roughou t  t h e  h e p a t i c  l o b u l e  was r e a d i l y  a p p a r e n t  
w i t h  t h e  l i g h t  microscope as w e l l  as w i t h  t h e  e l e c t r o n  
microscope  ( F i g .  4 ) .  The spongy appearance  of h e p a t o c y t i c  
cy top la sm appea red ,  e l e c t r o n  m i c r o s c o p i c a l l y ,  t o  c o r r e l a t e  
w i t h  a g g r e g a t e s  of d i l a t e d  smooth endoplasmic  r e t i c u l u m  
and v e s i c l e s  which were randomly s c a t t e r e d  th roughou t  t h e  
Cytoplasm ( F i g .  5 ) .  S i m i l a r  b u t  smaller f o c a l  a g g r e g a t e s  
were n o t e d  r a r e l y  i n  c o n t r o l  l i v e r  c e l l s .  L i g h t  g ray  amor- 
phous material  f r e q u e n t l y  f i l l e d  d i s t e n d e d  s p a c e s  of Disse 
( F i g .  6 ) .  
1 2  h o u r s  : 
Cytoplasmic  l i p i d  d r o p l e t s  w i t h i n  h e p a t o c y t e s  
were more numerous t h a n  i n  t h e  p r e v i o u s  specimens ( F i g .  7 ) .  
F r e q u e n t l y  g lycogen  g r a n u l e s  were l o o s e l y  a r r a n g e d ;  i s l a n d s  
o f  smooth r e t i c u l u m ,  devo id  o f  r e c o g n i z a b l e  g lycogen  , were 
common. Smal l  c y t o p l a s m i c  c l e f t s  were s t i l l  p r e s e n t .  
Cytoplasmic  b l e b b i n g  was encoun te red  f r e q u e n t l y  a l o n g  
c a n a l i c u l i  and s p a c e s  o f  Disse. 
The s i n u s o i d a l  l i n i n g  c e l l s  (Kupf fe r  c e l l s )  were 
e n l a r g e d  and prominent .  A wide v a r i e t y  o f  c y t o p l a s m i c  
i n c l u s i o n s  was n o t e d ;  u n i d e n t i f i e d  material was o c c a s i o n a l l y  
a r r a n g e d  i n  c r y s t a l l i n e  a r r a y  ( F i g .  8 ) .  
18 h o u r s  : 
The h i s t o l o g i c  appearance  of t h i s  specimen 
d i f f e r e d  from t h e  p r e v i o u s  specimens i n  two r e s p e c t s .  The 
h e p a t o c y t e s  were h e a v i l y  l a d e n  w i t h  cy top la smic  l i p i d  and 
d a r k  c e l l s  were very  numerous ( F i g .  9 ) .  Although many 
e x t r e m e l y  d e n s e ,  shrunken  h e p a t o c y t e s  were p r e s e n t ,  a b road  
spec t rum o f  v a r i o u s  d e g r e e s  o f  sh runkenness  i n v o l v e d  more 
t h a n  25% o f  t h e  h e p a t o c y t e s .  
Some s i n u s o i d s  c o n t a i n e d  small th rombi  ( F i g .  lo); 
t h e  d i s t r i b u t i o n  o f  t h e s e  thrombi  was n o t  o b v i o u s l y  c o r r e -  
l a t e d  w i t h  t h e  d i s t r i b u t i o n  o r  s e v e r i t y  of  h e p a t o c y t i c  
a l t e r a t i o n  judged  by e i t h e r  l i g h t  o r  e l e c t r o n  microscopy.  
E lec t ron -dense  material  was f r e q u e n t l y  l o c a t e d  i n  t h e  s p a c e  
immedia te ly  s u r r o u n d i n g  h e p a t o c y t e s  ( F i g .  11). Material  of 
similar d e n s i t y  was a lso noted  w i t h i n  p r o f i l e s  of endoplasmic  
r e t i c u l u m .  
Many h e p a t o c y t e s  c o n t a i n e d  la rge ,  dense  g r a n u l e s ,  
some o f  which c o n t a i n e d  r e c o g n i z a b l e  c y t o p l a s m i c  material .  
These cy to lysosomes  were p r e s e n t  i n  c e l l s  t ha t  were o t h e r w i s e  
normal  and i n  c e l l s  t h a t  were g e n e r a l l y  d e g e n e r a t i n g  ( F i g .  1 2 ) .  
One h e p a t o c y t e  w i t h  normal cy top la smic  u l t r a s t r u c t u r e  had a 
s w o l l e n  n u c l e u s  w i t h  condensed, ch romat in  masses ( F i g .  1 3 ) .  
24 h o u r s  : 
Fewer d a r k  c e l l s  were p r e s e n t  a t  t h i s  p o i n t  a n a ,  
a l t h o u g h  much cy top la smic  l i p i d  i n  t h e  form o f  l a rge  d r o p l e t s  
was p r e s e n t ,  t h e  o v e r a l l  h i s t o l o g i c  p a t t e r n  was well p r e s e r v e d  
( F i g .  1 4 ) .  E l e c t r o n  m i c r o s c o p i c a l l y ,  t h e r e  was l i t t l e  v a r i a t i o n  
of u l t r a s t r u c t u r e  between c e l l s .  The cy to lysosomes  p r e s e n t  i n  
t h e  18-hour specimen were not p r e s e n t  i n  t h i s  specimen.  Cyto- 
p l a s m i c  c l e f t s  and f o c i  of d i l a t e d  smooth v e s i c l e s  were s t i l l  
p r e s e n t .  
36 t o  48 hour  : 
L i g h t  m i c r o s c o p i c a l l y ,  p a r t i t i o n i n g  o f  t h e  c y t o p l a s m i c  
c o n t e n t s ,  as i n  c o n t r o l  t i s s u e ,  was c l e a r l y  e v i d e n t ;  i s l a n d s  o f  
non-granular  cy toplasm u s u a l l y  c o r r e l a t e d  w i t h  u l t r a s t r u c t u r a l  
zones  o f  smooth endoplasmic  r e t i c u l u m  were se t  o f f  a g a i n s t  t h e  
g r a n u l a r ,  o r g a n e l l e - f i l l e d  cy toplasm ( F i g .  15 & 1 6 ) .  Most 
l i p i d  d r o p l e t s  were p r e s e n t  i n  such  areas. The l i p i d  c o n t e n t  
was decreased i n  t h e  36-hour specimen and markedly d e c r e a s e d  
by 4 8  h o u r s .  Cytolysosomes were n o t  p r e s e n t  i n  h e p a t o c y t e s ;  
Kupf fe r  c e l l s  s t i l l  c o n t a i n e d  many dense  b o d i e s ;  small 
numbers o f  c l e f t s  remained.  
DISCUSSION 
Dosimetry o f  h igh-energy ,  p a r t i c u l a t e . i r r a d i a t i o n  
i s ' p r o b l e m a t i c a l  a t  b e s t .  We have n o t  been concerned  w i t h  
t h i s  a s p e c t  o f  t h e  s t u d y  f o r  t h i s  communication and have 
m e r e l y  p r e s e n t e d  t h e  morphologic  data i n  i r rad ia ted  p r i m a t e  
l i v e r  t h a t  was sampled at v a r i o u s  time i n t e r v a l s  f o l l o w i n g  
whole-body e x p o s u r e .  
A s t r i k i n g  f i n d i n g  was t h e  p r o g r e s s i v e  i n c r e a s e  
i n  h e p a t i c  l i p i d  which was f i rs t  n o t e d  a t  15 minu tes  and 
p e r s i s t e d  u n t i l  24  h o u r s ,  a f t e r  which i t  l e v e l e d  o f f  and 
t h e n  d e c r e a s e d  s h a r p l y .  A t  24 hour s  t h e  m y r i a d s  of  small 
d r o p l e t s  were l a c k i n g ;  a t  48 h o u r s  t h e  o n l y  l i p i d  s e e n  
l i g h t  m i c r o s c o p i c a l l y  was i n  t h e  form o'f i s o l a t e d  l a r g e  
d r o p l e t s  p r e s e n t  i n  some c e l l s .  Glycogen g r a n u l e s  w i t h  
r e c o g n i z a b l e  u l t r a s t r u c t u r e  p r o g r e s s i v e l y  d e c r e a s e d  i n  
number and c o n c e n t r a t i o n .  
Small c y t o p l a s m i c  c l e f t s ,  were p r e s e n t  i n  large 
numbers i n  t h e  e x p e r i m e n t a l  l i v e r s .  The f i n e  s t r u c t u r e  
o f  t h e  c l e f t  was s imilar  t o  t ha t  o f  t h o s e  p r e v i o u s l y  r e p o r t e d  
i n  primate l i v e r  f o l l o w i n g  32 Mev p r o t o n  i r r a d i a t i o n .  5 
S i m i l a r  c l e f t s  have a l s o  Seen s e e n  i n  humans w i t h  phenyl -  
k e t o n u r i a  and b i l i a r y  a t res ia .  12 
The number o f  d a r k  c e l l s  i n  t h e  p o s t - i r r a d i a t i o n  
t i s s u e  r eached  a maximum a t  18 hour s  and f e l l  back w i t h i n  
normal  l i m i t s  a t  36 and 48 h o u r s .  T h i s  i n c r e a s e d  i n c i d e n c e  
o f  dark  c e l l s  para l le led  t h e  i n c i d e n c e  o f  c e l l s  showing 
obv ious  s i g n s  o f  d e g e n e r a t i o n  a t  t h e  l e v e l  o f  f i n e  s t r u c t u r e  
s u c h  as clumping o f  n u c l e a r  ch romat in  and cy to lysosome form- 
a t i o n .  
D l s i i n c t i v e  m i t o c h o n d r i a l  a l t e r a t i o n s ,  e s p e c i a l l y  
o f  t h e  t y p e  e n c o u n t e r e d  i n  l i v e r s  exposed t o  32 Mev p r o t o n s ,  
were n o t  p r e s e n t  i n  t h i s  m a t e r i a l . 5  D e v i a t i o n s  from t h e  
normal  s i z e  and shape o f  l i v e r  m i t o c h o n d r i a  seemed t o  be 
p r e s e n t  b u t  s t a t i s t i c a l l y  meaningfu l  da ta  i s  n o t  a v a i l a b l e  
and  we d i d  n o t  have knowledge of  t h e  l o b u l a r  zone a t  a l l  
t imes.  
The morphologic  data i n  t h i s  s e r i e s  o f  i r r a d i a t e d  
pr imates  fo l lowed a sequence  which was s imilar  t o  t h a t  
d e s c r i b e d  f o r  dog p a n c r e a s  a l t h o u g h  t h e  t ime s c a l e  and 
A c e r t a i n  p r o p o r t i o n  1 3 , 1 4  t y p e  of r a d i a t i o n  were d i f f e r e n t .  
of t h e  c e l l s  m a n i f e s t e d  s i g n s  of immediate damage; some 
d i ed ;  o t h e r s  s u r v i v e d  t h e  i n s u l t ,  a p p a r e n t l y  r i d d i n g  
themse lves  o f  damaged o r g a n e l l e s ,  and r e t u r n e d  t o  normal  
s t r u c t u r e  and ,  p e r h a p s ,  t o  normal f u n c t i o n .  
FIGURES 
The l i g h t  micrographs  a r e  a l l  o f  one-micron s e c t i o n s  of  
Epon-Araldite-embedded, osmica ted  t i s s u e  s t a i n e d  w i t h  
Methylene blue-Azure I1 and b a s i c  f u c h s i n .  
F i g u r e  1 L i g h t  micrograph  of l i v e r  a t  15 minu tes  p o s t - i r r a d i a t i o n .  
There i s  a s l i g h t  i n c r e a s e  o f  minute  c y t o p l a s m i c  l i p i d  
d r o p l e t s .  x 500. 
F i g u r e  2 M i c r o v i l l a r  " b l e b s "  ( B )  o f  an  h e p a t o c y t e  p r o t r u d i n g  
t h r o u g h  t h e  space  of  Disse and e x t e n d i n g  i n t o  t h e  
s i n u s o i d .  15 minutes  p o s t - i r r a d i a t i o n .  x 36,000.  
F i g u r e  3 Hepatocyte  c o n t a i n i n g  s e v e r a l  c y t o p l a s m i c  " c l e f t s "  
( a r r o w s ) .  Occas iona l  l a r g e  and i r r e g u l a r  m i t o c h o n d r i a  
are p r e s e n t  i n  t n i s  f i e l d  ( A  & B). 15 minu tes  p o s t  
- i r r a d i a t i o n .  x 2 0 , 4 0 0 .  
F i g u r e  4 L i g h t  micrograph  of  l i v e r  a t  6 hour s  p o s t - i r r a d i a t i o n .  
Abundant cy top la smic  l i p i d  i s  p r e s e n t  i n  form o f  l a r g e  
and small d r o p l e t s .  x 500.  
F i g u r e  5 Hepatocytes  a d j a c e n t  t o  a b i l e  c a n a l i c u l u s  ( C ) .  
Aggrega tes  of  d i l a t e d  v e s i c l e s  ( ) are  p r e s e n t  i n  
bo th  c e l l s .  6 hours  p o s t - i r r a d i a t i o n .  x 2 5 , 0 0 0 .  
F i g u r e  6 En la rged  space  o f  Disse ( D )  between h e p a t o c y t e s  ( € 1 )  
and s i n u s o i d a l  l i n i n g  c e l l s  ( K ) .  I n  a d d i t i o n  t o  
u I l ~ ~  ~ u ~ ~ a g e i i  f i b e r s  and f i n e  f i l a m e n t o u s  mater ia l ,  
t h e  space  c o n t a i n s  a g r a y  amorphous mater ia l .  
6 h o u r s  p o s t - i r r a d i a t i o n .  x 25,000.  
a - 1 1  
F i g u r e  7 L i g h t  micrograph  of l i v e r  a t  1 2  hour s  p o s t - i r r a d i a t i o n .  
The re  i s  a prepondenance o f  l i p i d  i n  t h e  form o f  l a r g e  
c y t o p l a s m i c  d r o p l e t s .  x 500. 
F i g u r e  8 S i n u s o i d a l  l i n i n g  c e l l  (Kupf fe r  c e l l )  c o n t a i n i n g  
cy top la smic  c r y s t a l l i n e  a r r a y  i n  a membrane-bound 
s p a c e .  1 2  hour s  p o s t - i r r a d i a t i o n .  x 32 ,000 .  
INSET: Membrane-bound c r y s t a l l i n e  material .  
x 65,000. 
F i g u r e  9 L i g h t  micrograph  of l i v e r  at  18  hour s  p o s t - i r r a d i a t i o n .  
Cytoplasmi c l i ~ i r l  i s  p r e s e n t .  T h e r e  is a i7eiiiarkabi.e 
i n c r e a s e  i n  t h e  number of d a r k  c e l l s .  x 500 .  
F i g u r e  1 0  S i n u s o i d a l  area c o n t a i n i n g  a thrombus.  F i b r i n ,  
p l a t e l e t s ,  and e r y t h r o c y t e s  are p r e s e n t .  18 h o u r s  
p o s t - i r r a d i a t i o n .  x 1 1 , 5 0 0 .  
F i g u r e  11 I n t e r c e l l u l a r  space  (ICs) between h e p a t o c y t e s .  An 
i r r e g u l a r l y  dense  mater ia l  f i l l s  t h e  s p a c e  which 
wide ly  s e p a r a t e s  two h e p a t o c y t e s .  1 8  h o u r s  p o s t  
- i r r a d i a t i o n ,  x 9 , 0 0 0 .  
Ffgure  1 2  C e l l  c o n t a i n i n g  m u l t i p l e  lysosomal  b o d i e s .  The 
i d e n t i t y  o f  t h i s  c e l l  t y p e  i s  n o t  c l e a r ;  i t  may 
r e p r e s e n t  a d i s t o r t e d  h e p a t o c y t e  c o n t a i n i n g  
cy to lysosomes  o r  a phagocyte  c o n t a i n i n g  phago- 
somes. 1 8  hour s  p o s t - i r r a d i a t i o n .  x 10,1100. 
F i g u r e  13 Hepatocyte  c o n t a i n i n g  a d i s t o r t e d  n u c l e u s .  The 
lumen o f  t h e  n u c l e a r  enve lope  i s  d i s t e n d e d .  The  
ch romat in  i s  aggregated i n  an  unusua l  f a s h i o n  
( n o t  t y p i c a l  o f  e a r l y  m i t o s i s )  and i s  s e p a r a t e d  
by a f i n e l y  g r a n u l a r  mater ia l .  The cy toplasm 
l o o k s  i n t a c t .  1 8  hours  p o s t - i r r a d i a t i o n .  
x 17,900.  
F i g u r e  1 4  L i g h t  micrograph of l i v e r  a t  24 h o u r s .  Large 
l i p i d  d r o p l e t s  a r e  numerous. A broad spec t rum 
cf dark  c e l l  i i i i e r i s i t i es  i s  p r e s e n t  i n  t h i s  
s e c t i o n .  x 5 0 0 .  
F i g u r e  15  L i g h t  micrograph of l i v e r  a t . 4 8  h o u r s .  R e l a t i v e l y  
f e w  l a r g e  l i p i d  d r o p l e t s  remain .  Only a few very  
dark c e l l s  are  p r e s e n t .  The  m a j o r i t y  o f  h e p a t o c y t e s  
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